This phase I study was designed to determine the maximum tolerated dose (MTD) and toxicity profile of the combination of gefitinib, capecitabine, and celecoxib in patients with advanced solid tumors. Patients were treated with escalating doses of gefitinib once daily, capecitabine twice daily (14 of 28 days), and celecoxib twice daily. Plasma samples for biomarkers were obtained at baseline and weekly for the first 2 cycles. Pharmacokinetic variables were correlated with toxicity and presence of biological effect. Tumor biopsies from 5 patients were analyzed for changes in tumor metabolic activity by nuclear magnetic resonance spectroscopy. [
Introduction
In recent years, there has been a rapid increase in the treatment options available to patients with advanced malignancies. Better understanding of the signal transduction pathways involved in oncogenesis has allowed therapeutic targeting of cellular processes. Many tumor types overexpress the epidermal growth factor receptor (EGFR) and its ligands (1) . Up-regulation of these factors presumably facilitates the sustained uncontrolled growth, metastases, and angiogenic properties of cancer cells, as persistent activation of the EGFR tyrosine kinase activity turns on pro-cell division pathways. For example, colon cancer cells that have metastasized to the liver have more intense EGFR staining compared with colon cancer cells at the primary tumor site (2) . EGFR activation in NIH 3T3 cells has been shown to activate ras and raf, stimulating the expression of vascular endothelial growth factor (3) .
Gefitinib (Iressa, formerly ZD1839) is a potent EGFR tyrosine kinase inhibitor with a manageable toxicity profile and shows antitumor activity in heavily pretreated cancer patients (4, 5) . In initial phase II studies, patients with non-small cell lung cancer (NSCLC) treated with gefitinib at doses of 250 or 500 mg/d showed significant responses and symptomatic improvement. However, several phase III trials failed to confirm overall survival advantage (6) . In the ISEL study of 1,692 patients with previously treated NSCLC, there were significant improvements in response rates and time to progression but no significant survival benefit overall. However, preplanned subgroup analysis revealed significant survival advantage for gefitinib in females, patients of Asian ethnicity, and never-smokers (7) . As a result, in 2005 , the Food and Drug Administration called for new labeling of gefitinib, limiting its indication to cancer patients who are currently benefiting or have benefited previously from gefitinib treatment. New patients are currently only allowed access to gefitinib in the setting of a clinical trial (8) . Patients with responses to gefitinib tend to have somatic mutations in the kinase domain of the EGFR, accounting for their apparent disproportionate benefit with this agent (9, 10) .
We conducted a phase I clinical trial to define the toxicities and recommended phase II dose (RP2D) of a triplet regimen of gefitinib, capecitabine, and celecoxib. Capecitabine is an orally administered fluoropyrimidine carbamate approved for the treatment of metastatic breast cancer refractory to paclitaxel or anthracyclines (11) . It has shown equal efficacy to single agent i.v. 5-fluorouracil (5-FU) in untreated metastatic colorectal cancer patients (12) . It also has activity as second-line therapy in patients who have failed bolus 5-FU (13) . Celecoxib was included in this regimen because cycloxygenase-2 up-regulation appears to be an important early event in colon carcinogenesis. Because of this, cycloxygenase-2 inhibitors may have a role in chemoprevention. Celecoxib has been shown in a randomized trial to cause statistically significant regression of colonic polyps in patients with familial adenomatosis polyposis (14) . Cycloxygenase-2 may play an equally important role in the development of metastatic disease (15) and appears to be an activator of angiogenesis necessary for tumor growth beyond 2 mm (16, 17) . In vitro and in vivo data show that prostaglandins such as PGE 2 up-regulate vascular endothelial growth factor, a potent proangiogenic growth factor (18, 19) . Moreover, data suggesting that nonspecific, nonsteroidal anti-inflammatory drugs and cycloxygenase-2 inhibitors can inhibit angiogenesis through down-regulation of vascular endothelial growth factor (20, 21) . We hypothesized that the use of gefitinib, capecitabine, and celecoxib was more likely to be effective than single-agent treatment and would not only confer complementary antitumor activity by targeting angiogenesis but would be attractive as an all-oral regimen with an acceptable toxicity profile. In addition, these drugs theoretically have no known pharmacokinetic interactions and should not interfere with the metabolism of one another. Gefitinib and celecoxib are metabolized by different P450 isoenzymes, and P450 enzymes do not play a significant role in capecitabine metabolism.
There is increasing evidence that early metabolic changes may complement or in some cases be superior to conventional imaging techniques in the ability to evaluate the effectiveness of targeted treatment regimens early during therapy (22, 23) . Alterations in uptake of [ 18 F]fluouorodeoxyglucose (FDG) by positron emission tomography (PET) may help predict therapy response early in treatment. On the other hand, the most recent application of nuclear magnetic resonance (NMR)-based metabolomics, which provides a global biochemical profile of tissue biopsies or body fluids, allows for longitudinal, temporal analyses of additional metabolic changes, such as those seen in glycolysis and fatty acid and phospholipid metabolism (24, 25) . To explore these concepts in this study, we evaluated metabolic response by 18 FDG-PET and magnetic resonance spectroscopy in selected patients during the first cycle of treatment.
Materials and Methods

Patient Selection
Eligible patients had a confirmed pathologic diagnosis of a nonhematologic malignancy refractory to standard treatment or for which there was no standard therapy. Additional inclusion criteria included age z18 years; life expectancy z12 weeks; Eastern Cooperative Oncology Group performance status of 0 to 2; discontinuation of previous chemotherapy for at least 4 weeks (6 weeks for nitrosureas or mitomycin C), recovery from any toxic effects of prior treatment; and adequate bone marrow, liver, and renal function. Women of childbearing potential must have had a negative urine pregnancy test before study entry, and men and women agreed to use adequate contraception. The study was approved by the local institutional review board and conducted in accordance with the guidelines of the Declaration of Helsinki. Each patient was informed of the investigational nature of this study and signed a written institutional review boardapproved consent before registration and enrollment into the study.
Patients were excluded from this study for active infection, any serious concomitant systemic disorder (including other malignancy), uncontrolled brain metastases, history of hypersensitivity to 5-FU, or documented dihydropyrimidine dehydrogenase deficiency. Patients who were taking cytochrome P450 3A4 inducers, including rifampin, phenytoin, carbamazapine, and barbiturates, were required to discontinue these agents before entering the trial.
Drug Administration
Under the initial protocol, gefitinib was given continuously at a starting dose of 250 mg/d, with subsequent cohorts receiving either 250 or 500 mg/d, in combination with increasing doses of capecitabine (range, 1,000-2,000 mg/m 2 /d, given days 1-14) and a constant dose of celecoxib 400 mg b.i.d.
Dose Escalation Plan
Three patients were enrolled per dose level in a standard 3 + 3 design. If z2 of 3 to 6 patients experienced doselimiting toxicity (DLT) not related to palmar plantar erythrodysesthesia (PPE), dose escalation ceased. The National Cancer Institute Common Toxicity Criteria version 2.0 was used to grade adverse events. DLT was defined as grade z3 nonhematologic toxicity excluding alopecia, skin toxicity, diarrhea, nausea, or vomiting; grade 4 thrombocytopenia; grade 4 neutropenia lasting >5 days or complicated by fever; grade z3 skin rash occurring after the second exposure to gefitinib; and treatment delay due to toxicity lasting >2 weeks. PPE was counted independently in assessing DLT because it is an established toxicity of capecitabine. For example, if 1 of 3 patients experienced grade 3 PPE, and up to 6 patients would be enrolled at that dose level. Dose escalation would cease if z2 patients developed grade z3 PPE or if z2 patients developed non-PPE DLTs. The maximum tolerated dose (MTD) for this study was defined as the dose level below which resulted in DLTs in z2 of 6 patients. When the MTD was defined, an additional 6 patients were enrolled to further assess the RP2D and to perform further correlative studies.
Courses were repeated every 28 days if counts were adequate, and any grade 2 to 4 treatment-related side effects had resolved. If a treatment-related side effect persisted, treatment was delayed for up to 2 weeks until recovery. Delays of therapy for significant toxicity lasting >2 weeks mandated discontinuation from the study.
Dose Reduction
For grade z3 nonhematologic toxicity, except skin toxicity or diarrhea, the gefitinib dose was decreased by one dose level and held at the reduced dose or eliminated if patients were already at the lowest dose level. For patients with grade 3 or 4 pustular rash, secondarily infected rash, or a rash intolerable due to pruritis or aesthetics, gefitinib was held until the rash resolved or improved to grade 1 and then restarted at either the same or a reduced dose. Patients who were already on 250 mg/d gefitinib were not allowed a dose reduction, and gefitinib was discontinued. In the event of grade 3 or 4 diarrhea, gefitinib was held until the diarrhea resolved or improved to Vgrade 2, then restarted without dose reduction if the investigator felt there was another explanation for the diarrhea, or dosereduced or discontinued if the diarrhea was related to gefitinib. Dose reductions of 25% to 50% capecitabine were made for grade z2 PPE and diarrhea based on the grade and the number of recurrences of these events. In all dose cohorts, celecoxib was held indefinitely for an increase in creatinine of z20% from baseline, dehydration, or gastrointestinal bleeding. For other grade z3 toxicity, celecoxib was held until the toxicity became grade V1, then restarted at a dose of 200 mg b.i.d., and/or discontinued for persistent grade 3 toxicity.
On-Study Evaluations
Complete medical histories, physical examinations, assessment of performance status, and routine laboratory studies were done before study initiation and weekly during treatment for the first 2 cycles and then monthly for subsequent cycles. Routine laboratory studies included electrolytes, blood urea nitrogen, serum creatinine, glucose, alkaline phosphatase, total bilirubin, and serum transaminases. In patients taking warfarin, a protime was also obtained at these time points, as both gefitinib and warfarin can interfere with warfarin metabolism. Additional pretreatment studies also included a urinalysis, serum pregnancy test (as appropriate), electrocardiogram, relevant radiographic studies to evaluate sites of disease, and measurement of any relevant tumor markers. Patient adherence was monitored by pill counts and dosing diaries. Radiographic evaluations for disease status assessment were repeated every 2 cycles. Tumor responses were classified by the Response Evaluation Criteria in Solid Tumors (26) . All complete or partial responses were confirmed by repeat assessments done z4 and V6 weeks after the criteria for response were met.
Biological and Correlative Studies Pharmacokinetics. To study the pharmacokinetics of gefitinib and capecitabine, whole-blood samples were obtained. Under the initial study protocol, these samples were obtained during a run-in period before treatment (after a predose of gefitinib given 7 days before cycle 1 day 1 and after a predose of capecitabine given 5 days before cycle 1 day 1) and on days 1, 8, and 15 of cycles 1 and 2. For patients enrolled under the modified schedule, pharmacokinetic sampling was obtained on days 8, 14, and 21 of cycle 1 only. Plasma concentrations of gefitinib and capecitabine and its metabolites were measured by liquid chromatography-tandem mass spectrometry. Celecoxib plasma levels were determined by reverse-phase high-performance liquid chromatography with fluorometric detection.
Pharmacodynamics. In consenting patients, changes in metabolic activity were measured in punch biopsy specimens by magnetic resonance spectroscopy pretreatment and within 24 h of cycle 1 day 14. Tumor tissue (f30 mg) was removed by 4 mm punch biopsy under local anesthesia and immediately frozen in liquid nitrogen. The samples were processed using an acid extraction method (27) . Tissue endogenous metabolites, including glucose, lactate, choline intermediates, phospholipids, lipids, and amino acids, were quantitatively assessed by 1 H NMR at 500 MHz. The quantitative metabolomic data were imported into the R 2.00 Package software and analyzed using principal component analysis (PCA) and partial least-squares discriminant analysis. Both statistical approaches allow for pattern recognition and group classification among complex metabolic data sets (28) .
Four patients who were treated at the RP2D underwent whole-body 18 FDG-PET scans from the base of skull through the proximal femurs with or without computed tomography coregistration. The standardized uptake values (SUV) were calculated for hyperactive areas at baseline and within 7 days of cycle 1 day 28. PET scans were done in 3 patients who also underwent tumor biopsy to assess the aggregate relative and comparative utility of these noninvasive measurements of response.
Results
Patient Characteristics
Between April 2002 and November 2006, a total of 39 patients were enrolled. Thirty-seven (95%) had prior cytotoxic therapy, 33 (85%) had previous surgery, and 25 (64%) had prior radiation therapy. Table 1 summarizes the patient characteristics. Four patients were not evaluable for full DLT assessment: 2 patients at dose level -1 due to early death from disease progression, 1 patient at dose level 4 due to incorrect dosing of gefitinib in cycle 1, and 1 patient in the expanded MTD cohort due to hospitalization for small bowel obstruction and inability to complete full dosing. Three patients withdrew from the study: 1 patient after >7 months of stable disease, 1 patient to get radiation therapy, and 1 patient for personal preference.
Dose Escalation and Toxicity
In all, 168 cycles were administered (median, 2; range, 0-24). Table 2 summarizes the dosing regimens for all evaluated cohorts along with the number of patients and cycles completed. Of 11 patients who were enrolled on the initial treatment schema, 2 of 3 patients treated at dose level 1 experienced DLT. Eight additional patients were enrolled at dose level -1, with 2 patients who did not complete a full treatment cycle and were not evaluable. The remaining 6 patients at dose level -1 did not experience DLT. On the modified dosing schedule, there were no DLTs at dose level 2. At dose level 3, 1 of 6 patients experienced DLT (grade 3 dehydration and nausea). At dose level 4, 1 of 7 patients experienced grade 3 PPE and 1 of 7 patients experienced a non-PPE-related DLT (grade 3 diarrhea). At dose level 5, 2 of 6 evaluable patients developed DLT: 1 patient with grade 3 nausea and vomiting and 1 patient with grade 3 stomatitis. Based on these data, the MTD was determined to be 250 mg/d gefitinib (days 1-14) and 2,000 mg/m 2 /d capecitabine divided twice daily (days 8-21) in a 28-day cycle. Once the MTD was declared, 5 additional patients were enrolled at the RP2D, and no further DLTs were noted.
Overall, only 1 of 168 courses of capecitabine was held for 1 week due to toxicity, but 9 patients required dose reduction of one dose level for capecitabine-related toxicity, and 1 patient required two dose reductions for PPE. Five patients required holding of celecoxib in 39 cycles for increased serum creatinine above retreatment variables. Only 1 patient required dose reduction of gefitinib in cycle 2, from 500 to 250 mg, for skin toxicity. This patient remained on study for only 2 cycles due to disease progression but tolerated dose reduction without further difficulty. Table 3 summarizes the relevant and frequent nonhematologic toxicities observed. In addition to those listed, other toxicities occurring in z10% of patients included dry skin (14.9%), grade 1 to 2 elevation of creatinine (12.5%), fatigue (21.4%), anorexia (11.9%), and abdominal pain (11.3%). Overall, the incidence of specific toxicities was consistent with, and in most cases lower than, the previously reported toxicities associated with the individual agents used (29, 30) . The majority of the adverse effects were grade 1 to 2 and did not worsen with subsequent cycles. Most patients with PPE had either resolution or reduced toxicity in later cycles. Sequential dosing of gefitinib and capecitabine, when compared with concomitant dosing, did not result in a higher incidence of adverse events. Overall, <10% of 168 cycles had any hematologic toxicity, and only 2 episodes of grade 2 absolute neutrophil count were noted (at dose level -1 and at the RP2D). No other grade z3 hematologic toxicity was observed.
Study Modifications
The protocol was amended to address concerns of DLT in treatment cohort 1. 
celecoxib).
We questioned whether the observed MTD represented the true MTD of this combination, because significant comorbid disease could have played a significant role in the adverse events observed in both patients with DLT. The first DLT, grade 3 diarrhea, occurred in a patient who may have been at increased risk for developing diarrhea due to a history of ulcerative colitis (although not clinically active at the time of enrollment). The second DLT, grade 3 nausea and fatigue, occurred in a patient with advanced pancreatic cancer and rapid disease progression. In addition, at this level, we felt the capecitabine dose (1,000 mg/m 2 /d) was too low to merit further evaluation in phase II clinical trials. We therefore amended the protocol to reevaluate the dose and schedule of this combination. Since the initial protocol development, there were additional preclinical data suggesting that the efficacy of gefitinib in combination with fluoropyrimidines may be improved when gefitinib was administered before a fluoropyrimidine (31) . In addition, less overlap of gefitinib and capecitabine dosing facilitated discrimination between single-agent and combination-induced toxicities. Under the amended protocol, gefitinib was given once daily on days 1 to 14 (250 mg/d in cohorts 1-3 and 500 mg/d in cohort 4), capecitabine was given twice daily in equally divided doses on days 8 to 21 (1,000 mg/m 2 /d in cohort 1, 1,500 mg/m 2 /d in cohort 2, and 2,000 mg/m 2 /d in cohorts 3 and 4), and celecoxib was given as 400 mg b.i.d. on days 1 to 28. Once the MTD was established, additional patients were enrolled to further assess toxicities, the recommended dose, and to perform additional biologic correlative studies.
An additional modification to the study occurred in December 2004, when findings of the Cardiovascular Safety Committee evaluating the Adenoma Prevention with Celecoxib Trial showed that patients randomized to celecoxib had a statistically significant 2.5-fold increase in their risk of major fatal and nonfatal cardiovascular events compared with those taking placebo. Specifically, 6 of 679 (0.9%) subjects randomized to the placebo arm experienced cardiovascular events compared with 35 of 1,356 (2.6%) of subjects who received celecoxib (32) . Although the cardiovascular risks associated with celecoxib were low, they were serious and sometimes life-threatening. As such, we felt that the potential cardiovascular risks of celecoxib limited the therapeutic ratio of the combination proposed and opted to remove celecoxib from the protocol for subsequent patients.
Antitumor Activity Thirty-three patients were evaluable for disease response. One patient had a confirmed partial response and 14 maintained stable disease for >2 cycles (median, 4 months; range, 3-24 months). The patient with confirmed partial response was a 60-year-old male with recurrent cholangiocarcinoma who had prior surgical resection and irradiation (5,400 cGy in 25 fractions) with adjuvant capecitabine on days of radiation. He remained stable for f7 months before progression in the liver and lymph nodes. His radiologic evaluation at study entry was notable for substantial uptake on PET scan as well as para-aortic lymph node enlargement on computed tomography scan. On early follow-up scans, the area of soft tissue noted in the gallbladder fossa remained stable. By the 8th cycle and beyond, there was no detectable evidence of disease recurrence or metastasis by either computed tomography or PET scan. After completing 12 cycles, the patient opted to discontinue therapy, because he no longer had any evidence of discernable disease. He tolerated protocol therapy well, with only mild and reversible adverse effects. He was followed closely off therapy and maintained stable disease for another 15 months before recurrence was again noted. Another patient, a 72-year-old female with metastatic NSCLC Pharmacokinetic and Pharmacodynamic Evaluations Pharmacokinetics. As shown in Table 4B , there was a dose-dependent increase in the area under the curve (AUC) of capecitabine and of 5-fluoro-deoxyuridine, the active metabolite of capecitabine. Although there was no significant difference in C max of capecitabine between 1,000 and 2,000 mg/m 2 , there was a dose-dependent, linear increase in 5-fluoro-deoxyuridine C max . Overall, there were no significant effects of gefitinib on the AUC, C max , t 1/2 , and clearance of capecitabine when administered alone (run-in day) or in combination with gefitinib (cycle 1 day 1 as shown in Table 4A ). Capecitabine and 5-fluoro-deoxyuridine AUC and C max levels were consistent between doses (days 8, 15, and 21) at the 1,500 mg/m 2 dose level, showing no difference between these variables throughout the cycle (data not shown). Similarly, capecitabine did not affect the trough levels of gefitinib across dose levels. Gefitinib accumulated in a dose-and time-dependent manner irrespective of capecitabine dosing (Fig. 1) . Neither capecitabine nor gefitinib affected steady-state plasma trough levels of celecoxib across any of the doses tested (data not shown).
Magnetic Resonance Spectroscopy Analysis An exploratory study was done to evaluate NMR-based metabolomics on 10 samples from 5 patients with easily accessible tissue amenable to punch biopsy: 4 women with breast cancer and 1 man with melanoma. By PCA, the changes in metabolic profile allowed for group clustering visualization among patients (Fig. 2A) .
The metabolic profile in patients with breast cancer (1-3 and 5) were different from the melanoma patient (4) at baseline (black triangles) as assessed by PCA. The profile from the patient with melanoma differed, with an increased lipid profile compared with the patients with breast cancer. There was also some group separation after cycle 1 (gray circles) in the breast cancer patients despite a small number of samples analyzed. Patients 1 to 3 are clustered in the middle of the PCA score and showed a metabolic response that mimics gefitinib-induced changes seen in EGFRpositive cell lines in vitro. These 3 patients remained on the study for 3, 2, and 4 treatment cycles, respectively. Patient 5 showed less metabolic response and is clearly separated in the PCA score (Fig. 2A) ; this patient had clear computed tomography-proven disease progression immediately after cycle 2. From 37 metabolites analyzed, partial least-squares discriminant analysis discriminated six metabolites in patients 1 to 3 compared with patient 5 over time. The strongest predictors for metabolic response were lactate, glutamine, phosphatidylcholine, and triglycerides followed by glucose and cholesterol (Fig. 2B) . In general, decreased levels of lactate, phosphatidylcholine, and triglycerides and increased levels of glucose and glutamine after 2 weeks of treatment may suggest predictors for metabolic response and more prolonged stable disease, although the small sample size limits significant conclusions or validation in this population. Phase I Study of Gefitinib, Capecitabine, and Celecoxib
FDG-PET Scanning
Six patients underwent 18 FDG-PET scanning pretreatment and post-treatment in an attempt to explore the potential relationship between imaging and 1 H NMR metabolomics by spectroscopy. Figure 2C shows that, in 5 patients, SUV of the axillary lymph nodes on PET scan is matched with NMR data on biopsies from the same anatomic region. For patient 6, who was able to undergo serial PET scanning, the mean SUV from the lower neck (cycle 1), the left axillary lymph nodes (cycle 2), and mediastinal nodules (cycle 4) are reported. In this patient, the mean SUV of involved regions decreased pretreatment and post-treatment in cycles 1 and 2, but increased following cycle 4, corresponding to progression of disease.
This patient did not have disease amenable to simple biopsy, so only FDG-PET results are reported. In 4 of 5 PET-imaged patients, the mean SUV decreased from baseline to the end of cycle 1. Intratumoral glucose concentrations increased in 2 of these patients and decreased in the other 2 patients, whereas lactate concentrations decreased in 3 patients and increased in 2 patients.
Discussion
First-line chemotherapy for metastatic colorectal cancer commonly involves 5-FU in combination with either oxaliplatin or irinotecan. Currently, the efficacy of second-line therapy with either oxaliplatin or irinotecan is limited. For example, the response rate for second-line single-agent Figure 1 . A, plasma pharmacokinetic interactions between capecitabine and gefitinib. Top, no significant effect of capecitabine dose on gefitinib plasma trough levels when gefitinib is administered at 250 mg/d; bottom, dose-proportional increase of the plasma trough levels of gefitinib given at 250 and 500 mg/d when administered in combination with the recommended dose of capecitabine at 2,000 mg/m oxaliplatin is only 10% (33) . Clearly, there is a need for more effective chemotherapy for patients who relapse after or have poor response to first-line treatment. There are a variety published and ongoing clinical trials studying gefitinib as monotherapy (34) or in combination with anthracyclines, taxanes, or platinum-based therapies (35, 36) . There are also a significant number of recent studies evaluating capecitabine in combination with cyclophosphamide and methotrexate (37) , oxaliplatin (38, 39) , oxaliplatin and erlotinib (40) , paclitaxel (41), gemcitabine (42, 43) , gemcitabine and vinorelbine (44) , and vinorelbine (45) . The utility of this regimen was explored in an initial attempt to develop new treatment approaches for patients with colorectal cancer who have progressed after combination therapy with 5-FU and either oxaliplatin or irinotecan.
The rational basis of the combination of gefitinib and capecitabine has been confirmed in preclinical studies (46) . In a phase I study of gefitinib and capecitabine in conjunction with radiation therapy for patients with pancreatic and rectal cancer, increased toxicity was observed. The magnitude of effect from radiation therapy in this study was unclear, although our findings suggest that radiation played a prominent role in the toxicity noted (47) . This phase I study showed that the combination of gefitinib and capecitabine is well tolerated and can be administered easily in the outpatient setting as an all-oral regimen. DLTs were readily reversible and consistent with each component of therapy, primarily gastrointestinal effects (nausea, diarrhea, stomatitis, and dehydration) and skin toxicity, all of which are well-described effects of both gefitinib and capecitabine. The recommended doses for further studies for this 28-day regimen are 250 mg/d gefitinib on days 1 to 14 and 2,000 mg/m 2 /d capecitabine divided twice daily on days 8 to 21.
As predicted, there were no significant pharmacokinetic interactions identified between the agents used in this trial. Dose-dependent, predictable linear increases in capecitabine and 5-fluoro-deoxyuridine, the active metabolite of capecitabine, were observed, and dose-proportional increases in gefitinib were consistent across dose levels. Although celecoxib was eliminated from the regimen due to safety concerns, we observed no interaction between gefitinib and celecoxib at steady state as evidenced by the lack of change in celecoxib levels when the gefitinib dose was doubled from 1,000 to 2,000 mg/m 2 . As newer-generation cycloxygenase-2 inhibitors are developed, additional studies will be Figure 2 . A, PCA scores on metabolomic data sets from 5 patients before (black triangles ; baseline) and 14 d after starting treatment (gray circles ; cycle 1, day 14). Each point was derived from a metabolic data set of 37 endogenous metabolites. B, time-sensitive changes in metabolites from treated patients with breast cancer. Six metabolites were distinguished by the partial least-squares discriminant analysis to differ among patients 1 to 3 (prolonged stable disease) and patient 5 (progressive disease immediately after cycle 2). All values are represented as normalized metabolite concentrations and expressed as micromole per gram biopsy. Patient 4 (melanoma) was excluded from the partial least-squares discriminant analysis due to the entirely different metabolic profile observed. C, metabolic data on 18 FDG uptake from PET scans (patients 1 and 3-6) in conjunction with intratumoral concentrations of glucose and lactate (patients 1-5) from 1 H NMR metabolomics studies. For patients 1 to 5, the SUV was reported for left axillary nodes to compare with NMR data on biopsies from same anatomic regions. For patient 6, the mean SUV on left lower neck (cycle 1), left axillary lymph nodes (cycle 2), and mediastinal lesions (cycle 4) are reported.
Phase I Study of Gefitinib, Capecitabine, and Celecoxib important in evaluating their utility in combination regimens such as this.
A unique application of metabolomics technology was conducted in 5 patients in this study and showed potential to use metabolic response to monitor responsiveness to targeted treatment and to measure the relative contribution of each component of a combination treatment regimen for future studies. Several potential metabolic markers of response identified were decreased lactate (a marker of tumor glycolysis), decreased phosphatidylcholine (a marker of membrane synthesis), and decreased triglycerides and cholesterol (measuring tumor lipogenesis), with increased glucose and glutamine concentrations in biopsies of breast cancer patients. These findings were consistent with 18 FDG-PET findings done on the same patients and suggest that a combination of metabolic analyses may be useful in assessing therapeutic response; however, there did not appear to be a relationship between the metabolic markers and 18 FDG-PET findings in the patient with melanoma who progressed after 2 cycles. These metabolites may provide mechanistic insights of gefitinib effects on cellular metabolic activity and may serve to guide future therapeutic trials to better assess the relative contributions of each component of therapy. As recently shown by 18 FDG-PET studies on glucose uptake, targeted drug regimens may provide metabolic restriction and up-regulation and do not act as cytotoxics (24, 48) . It will be valuable to further validate this metabolomics approach in tissues and body fluids in a larger patient population to better understand and establish the clinical utility of these applications.
Although further studies are needed to assess clinical activity, this therapy showed some suggestion of activity against a variety of advanced solid tumors, including colorectal, breast, NSCLC, pancreatic, and cholangiocarcinoma. In this study, 4 of 12 (33.3%) patients with colorectal cancer had stable disease (duration of 4 months). Both (100%) patients with cholangiocarcinoma had either stable disease (duration of 12 months) or a confirmed partial response lasting over 12 months. Another patient with NSCLC who had progression on single-agent gefitinib experienced prolonged stable disease for 23 cycles (21 months), suggesting that lack of response to single-agent gefitinib may not preclude response when this agent is used in combination. Although this regimen was initially conceived as a novel approach for treatment of refractory colorectal cancers, our results suggest that these other tumor types may be excellent targets for disease-directed trials as well.
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